A powerful way to detect selection in a population is by modeling local allele frequency changes in a 7 particular region of the genome under scenarios of selection and neutrality, and finding which model is that uses an outgroup population to detect departures from neutrality which could be compatible with 10 hard or soft sweeps, at linked sites near a beneficial allele. However, this method is most sensitive to recent 11 selection and may miss selective events that happened a long time ago. To overcome this, we developed 12 an extension of XP-CLR that jointly models the behavior of a selected allele in a three-population tree.
For SNPs that are linked to a beneficial allele that has undergone a sweep in population a only, Chen 
where σ 2 = (ω + ψ)p b (1 − p b ) and I [x,y] (z) is 1 on the interval [x, y] and 0 otherwise.
88
For s → 0 or r >> s, this distribution converges to the neutral case. Let v be the vector of all drift 89 times that are relevant to the scenario we are studying. In this case, it will be equal to (ω, ψ) but in We note that the denominator in the above equation is not explicitly stated in ref.
[1] for ease of 96 notation, but appears in the published online implementation of the method. Because we are ignoring 97 the correlation in frequencies produced by linkage, this is a composite likelihood [16, 17] . Finally, we 
In the linked selection case: 
We will henceforth refer to the version of 3P-CLR that is tailored to detect selection in the internal 126 branch that is ancestral to a and b as 3P-CLR(Int). In turn, the versions of 3P-CLR that are designed to 127 detect selection in each of the daughter populations will be designated as 3P-CLR(A) and 3P-CLR(B).
128
We can now calculate the probability density of specific allele frequencies in populations a and b, given 129 that we observe m C derived alleles in a sample of size n C from population c: f (p A , p B |p C , v, r, s)f (p C |m C )dp C
where B(x,y) is the Beta function and
Conditioning on the event that the site is segregating in the population, we can then calculate the 132 probability of observing m A and m B derived alleles in a sample of size n A from population a and a sample 133 of size n B from population b, respectively, given that we observe m C derived alleles in a sample of size 134 n C from population c, using binomial sampling: P (m A |p A )P (m B |p B )f (p A , p B |m C , v, r, s)dp A dp B 1 0 1 0 f (p A , p B |m C , v, r, s)dp A dp B
where 136 .
CC-BY-NC-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a
The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/017566 doi: bioRxiv preprint first posted online Apr. 6, 2015; 
As before, we can use this composite likelihood to produce a composite likelihood ratio statistic 140 that can be calculated over regions of the genome to test the hypothesis of linked selection centered 141 on a particular locus against the hypothesis of neutrality. Due to computational costs in numerical 142 integration, we skip the sampling step for population c (formula 13) in our implementation of 3P-CLR.
143
In other words, we assume p C = m C /n C , but this is also assumed in XP-CLR when computing its ancestor of populations a and b, before their split from each other but after their split from c (Table   155 1). Although both XP-CLR and 3P-CLR are sensitive to partial or soft sweeps (as they do not rely on
156
. CC-BY-NC-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/017566 doi: bioRxiv preprint first posted online Apr. 6, 2015;  extended patterns of homozygosity [1]), we required the allele to have fixed before the split (at time t ab ) 157 to ensure that the allele had not been lost before it, and also to ensure that the sweep was restricted to 158 the internal branch of the tree. We fixed the effective size of all three populations at N e = 10, 000. Each 159 simulation consisted in a 5 cM region and the beneficial mutation occurred in the center of this region.
160
The mutation rate was set at 2.5 * 10 −8 per generation and the recombination rate was set at 10 −8 per 161 generation.
162
To make a fair comparison to 3P-CLR(Int), and given that XP-CLR is a two-population test, we 163 applied XP-CLR in two ways. First, we pretended population b was not sampled, and so the "test" panel 164 consisted of individuals from a only, while the "outgroup" consisted of individuals from c. In the second 165 implementation (which we call "XP-CLR-avg"), we used the same outgroup panel, but pretended that
166
individuals from a and b were pooled into a single panel, and this pooled panel was the "test". The
167
window size was set at 0.5 cM and the space between the center of each window was set at 600 SNPs.
168
To speed up computation, and because we are largely interested in comparing the relative performance tests. We note, however, that the performance of all three tests can be improved by using more SNPs 171 per window.
172
Figure 2 shows receiver operating characteristic (ROC) curves comparing the sensitivity and specificity
173
of 3P-CLR(Int), XP-CLR and XP-CLR-avg in the first six demographic scenarios described in Table 1 .
174
Each ROC curve was made from 100 simulations under selection (with s = 0.1 for the central mutation)
175
and 100 simulations under neutrality (with s = 0 and no fixation required). In each simulation, 100 176 individuals were sampled from population a, 100 from population b and 10 from the outgroup population 177 c. This emulates a situation in which only a few individuals have been sequenced from the outgroup, while 178 large numbers of sequences are available from the tests (e.g. two populations of present-day humans).
179
For each simulation, we took the maximum value at a region in the neighborhood of the central mutation
180
(+/-0.5 cM) and used those values to compute ROC curves under the two models. Figure S1 ), where at 95% specificity, XP-CLR has 69% sensitivity, while 3P-CLR has 83% sensitivity. 
Selection in Eurasians

199
We first applied 3P-CLR to modern human data from the 1000 Genomes Project [12] . We used the 
244
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246
[10]. We sought to find selective events that occurred in modern humans after their spit from archaic 247 groups. We used the combined Neanderthal and Denisovan high-coverage genomes [9, 10] as the outgroup 248 population, and, for our two test populations, we randomly sampled 100 Eurasian genomes and 100
249
African genomes from the 1000 Genomes data ( Figure S4 .B). We used previously estimated drift times 250 as fixed parameters [10] , and tested for selective events that occurred more anciently than the split of 251 Africans and Eurasians, but more recently than the split from Neanderthals. We run 3P-CLR using 0.25 252 cM windows as above, but also verified that the density of scores was robust to the choice of window 253 size and spacing ( Figure S5 ). As before, we selected the top 99.9% windows and merged them together 254 if they were contiguous. Table 5 and Figure S6 show the top hits. To find putative candidates for the 255 beneficial variants in each region, we queried the catalogs of modern human-specific high-frequency or 256 fixed derived changes that are ancestral in the Neanderthal and/or the Denisova genomes [10, 39] .
257
We observe several genes that have been identified in previous scans that looked for selection in modern . ANAPC10 is noteworthy because it was found to be significantly differentially 265 expressed in humans compared to other great apes and macaques: it is up-regulated in the testes [42] .
266
The gene also contains two intronic changes that are fixed derived in modern humans, ancestral in both
267
Neanderthals and Denisovans and that have evidence for being highly disruptive, based on a composite 268 score that combines conservation and regulatory data (PHRED-scaled C-scores > 11 [10, 43] ). The 269 changes, however, appear not to lie in any obvious regulatory region [44, 45] .
270
We also find ADSL among the list of candidates. This gene is known to contain a nonsynonymous 271 change that is fixed in all present-day humans but homozygous ancestral in the Neanderthal genome, 
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289
RASA1 was also a top hit in a previous scan for selection [8] , and was additionally inferred to have 
293
The GABA A gene cluster in chromosome 4p12 is also among the top regions. The genes within the 294 putatively selected region code for three of the subunits of the GABA A receptor (GABRA2, GABRA4, 295 GABRB1 ), which codes for a ligand-gated ion channel that plays a key role in synaptic inhibtion in 
299
Two other candidate genes that may be involved in brain development are FOXG1 and CADPS2. 
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307
Finally, we find a signal of selection in a region containing the gene EHBP1 and OTX1. This region 308 was identified in both of the two previous scans for modern human selection [8, 10] . EHBP1 codes for a 309 protein involved in endocytic trafficking [73] and has been associated with prostate cancer [74] . OTX1 is 
Modern human-specific high-frequency changes in GWAS catalog
318
We overlapped the genome-wide association studies (GWAS) database [77, 78] with the list of fixed or high-319 frequency modern human-specific changes that are ancestral in archaic humans [10] and that are located 320 within our top putatively selected regions in modern humans (Table 6 ). None of the resulting SNPs 321 are completely fixed derived, because GWAS can only yield associations from sites that are segregating.
322
Among these SNPs, the one with the highest probability of being disruptive (rs10003958, C-score = 16.58,
323
Gerp score = 6.07) is located in a highly-conserved regulatory ("strong enhancer" ) region in the RAB28 (Tables 4, 5 ). In line with this evidence, the derived 327 allele of rs10003958 is absent in archaic humans, at very high frequencies in Eurasians (> 94%), and only 328 at moderately high frequencies in Africans (74%) (Figure 7 .B).
329
We also find a highly disruptive SNP (rs10171434, C-score = 8.358) associated with urinary metabo- us to distinguish between selective events that occurred before and after the split of two populations.
341
Our method also has some similiarities to an earlier method developed by [83] , which used an F st -like 342 score to detect selection ancestral to two populations. In that case, though, the authors used summary 343 statistics and did not explicitly model the process leading to allele frequency differentiation.
344
We used our method to confirm previously found candidate genes in particular human populations, 345 like EDAR, TYRP1 and HERC2, and find some novel candidates too (Tables 2, 3, 4) . Additionally, we 346 can infer that certain genes, which were previously known to have been under selection in East Asians 347 (like SPAG6 ), are more likely to have undergone a sweep in the population ancestral to both Europeans 348 and East Asians than in East Asians only.
349
We also used 3P-CLR to detect selective events that occurred in the ancestors of modern humans, 350 after their split from Neanderthals and Denisovans (Table 5) . These events could perhaps have led to 351 the spread of phenotypes that set modern humans apart from other hominin groups. We find several 352 intersting candidates, like SIPA1L1, ADSL, RASA1, OTX1, EHBP1, FOXG1, RAB28 and ANAPC10, 353 some of which were previously detected using other types of methods [8, 10, 11] .
354
An advantage of differentiation-based tests like XP-CLR and 3P-CLR is that, unlike other patterns 355 detected by tests of neutrality (like extended haplotype homozygostiy, [84] ) that are exclusive to hard 356 sweeps, the patterns that both XP-CLR and 3P-CLR are tailored to find are based on regional allele 357 frequency differences between populations. These patterns can also be produced by soft sweeps from Another advantage of both XP-CLR and 3P-CLR is that they do not rely on an arbitrary division 361 . CC-BY-NC-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/017566 doi: bioRxiv preprint first posted online Apr. 6, 2015;  of genomic space. Unlike other methods which require the partition of the genome into small windows 362 of fixed size, our composite likelihood ratios can theoretically be computed over windows that are as big 363 as each chromosome, while only switching the central candidate site at each window. This is because 364 the likelihood ratios use the genetic distance to the central SNP as input. SNPs that are very far away 365 from the central SNP will not contribute much to the likelihood function of both the neutral and the 366 selection models, while those that are close to it will. While we heuristically limit the window size in 367 our implementation in the interest of speed, this can be arbitrarily adjusted by the user as needed.
368
The use of genetic distance in the likelihood function also allows us to take advantage of the spatial 369 distribution of SNPs as an additional source of information, rather than only relying on patterns of 370 population differentiation restricted to tightly linked SNPs. Figure S6 . This may be due to both the difference in time scales in the 382 two sets of tests and to the uncertainty that comes from estimating outgroup allele frequencies using only 383 two archaic genomes. This pattern can also be observed in Figure S7 , where the densities of the scores 384 looking for patterns of ancient selection have much shorter tails than the densities of scores looking for 385 patterns of recent selection.
386
Like XP-CLR, 3P-CLR is largely robust to the underlying population history, even when this is 387 wrongly specified, as it relies on looking for extreme allele frequency differences that are restricted to a 388 particular region. We have noticed, however, that these types of tests may not be robust to admixture 389 events from the outgroup population used. For example, we observe that 3P-CLR finds evidence for 390 selection in the region containing HYAL2 (involved in the cellular response to ultraviolet radiation),
391
. 6, 2015; forces, like continuous migration between populations or pulses of admixture. 
CC-BY-NC-ND
4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/017566 doi: bioRxiv preprint first posted online Apr. 6, 20154.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/017566 doi: bioRxiv preprint first posted online Apr.
445
.
CC-BY-NC-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a
470
CC-BY-NC-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a
497
CC-BY-NC-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a
The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/017566 doi: bioRxiv preprint first posted online Apr. 6, 2015;  33. Pastural E, Ersoy F, Yalman N, Wulffraat N, Grillo E, et al. (2000) Two genes are responsible for 
522
CC-BY-NC-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a
The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/017566 doi: bioRxiv preprint first posted online Apr. 6, 2015;  44. Consortium EP, et al. (2012) An integrated encyclopedia of dna elements in the human genome. 
548
CC-BY-NC-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a
The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/017566 doi: bioRxiv preprint first posted online Apr. 6, 2015;  genetic correlations in adenylosuccinate lyase deficiency. Human molecular genetics 9: 2159-2165. 
575
. 
CC-BY-NC-ND
4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/017566 doi: bioRxiv preprint first posted online Apr. 6, 2015;
628
. Table 1 . Description of models tested. All times are in generations. Selection in the "ancestral population" refers to a selective sweep where the beneficial mutation and fixation occurred before the split time of the two most closely related populations. Selection in "daughter population A" refers to a selective sweep that occurred in one of the two most closely related populations (A), after their split from each other.
CC-BY-NC-ND
Model Population where selection occurred
Ancestral population 500 2,000 1,800 0.1 10,000 B Ancestral population 1,000 4,000 2,500 0.1 10,000 C Ancestral population 2,000 4,000 3,500 0.1 10,000 D Ancestral population 3,000 8,000 5,000 0.1 10,000 E Ancestral population 2,000 16,000 8,000 0.1 10,000 F Ancestral population 4,000 16,000 8,000 0.1 10,000 I Daughter population A 2,000 4,000 1,000 0.1 10,000 J Daughter population A 3,000 8,000 2,000 0.1 10,000
. CC-BY-NC-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/017566 doi: bioRxiv preprint first posted online Apr. 6, 2015; Table 2 . Top hits for 3P-CLR run on the European terminal branch, using Africans as the outgroup. We show the windows in the top 99.9% quantile of scores. Windows were merged together if they were contiguous. Win max = Location of window with maximum score. Win start = left-most end of left-most window for each region. Win end = right-most end of right-most window for each region. All positions were rounded to the nearest 100 bp. Score max = maximum score within region. . CC-BY-NC-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/017566 doi: bioRxiv preprint first posted online Apr. 6, 2015;  Figure 2. ROC curves for performance of 3P-CLR(Int) and two variants of XP-CLR in detecting selective sweeps that occurred before the split of two populations a and b, under different demographic models. In this case, the outgroup panel from population c contained 10 haploid genomes. The two sister population panels (from a and b) have 100 haploid genomes each.
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. CC-BY-NC-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/017566 doi: bioRxiv preprint first posted online Apr. 6, 2015;  Figure 7. RAB28 is a candidate for selection in both the Eurasian and the modern human ancestral lineages. A) The gene lies in the middle of a 3P-CLR peak for both ancestral populations. The putatively selected region also contains several SNPs that are significantly associated with obesity and that are high-frequency derived in present-day humans (> 93%) but ancestral in archaic humans (red dots). The SNP with the highest C-score among these (rs10003958, pink circle) lies in a highly conserved strong enhancer region adjacent to the last exon of the gene. Color code for ChromHMM segmentation regions in UCSC genome browser: red = promoter, orange = strong enhancer, yellow = weak enhancer, green = weak transcription, blue = insulator. The image was built using the GenomeGraphs package in Bioconductor and the UCSC Genome Browser. B) Derived allele frequencies of SNP rs10003958 in the Denisova and Neanderthal genomes, and in different 1000 Genomes continental populations. AFR = Africans. AMR = Native Americans. SAS = South Asians. EUR = Europeans. EAS = East Asians.
. CC-BY-NC-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/017566 doi: bioRxiv preprint first posted online Apr. 6, 2015; Figure S1 . ROC curves for performance of 3P-CLR(Int) and two variants of XP-CLR in detecting selective sweeps that occurred before the split of two populations a and b, under different demographic models. In this case, the outgroup panel from population c contained 100 haploid genomes. The two sister population panels (from a and b) have 100 haploid genomes each.
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